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Abstract 



We study the production of neutral scalar (CP even) Higgs bosons in the 
process 67 — > eh by including supersymmetric corrections to the dominant t- 
channel photon exchange amplitude. In addition to the standard model 
and fermion loops, there are substantial contributions from chargino loops. 
For some cases, these contributions can exceed those of the W^s and ordinary 
fermions. The cross sections in this channel are generally one or two orders 
of magnitude larger than those in the related channel ee — > 7/1. 
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I. INTRODUCTION 



In general, extensions of the Standard Model (SM) have a Higgs sector consisting of 
several Higgs bosons in addition to the neutral Higgs associated with the minimal symmetry 
breaking doublet. The direct detection of this rich spectrum of Higgs bosons at future 
colliders is a crucial test of such models |]1|. While hadron colliders generally have a larger 
luminosity and center of mass energy, lepton colliders offer a much cleaner environment in 
which to explore the Higgs sector. In this paper, we study the production of the neutral 
scalar Higgs bosons h^, in the minimal supersymmetric standard model (MSSM) at e+e~ 
colliders operating in the e 7 mode. This extends the work in Ref. [Q, where the production 
of the pseudoscalar Higgs boson y4° was investigated. The related process h^y associated 
production at e+ e~ colliders was previously studied for the SM Higgs boson in Refs. |^,^ 
and for the MSSM Higgs bosons in Ref. 0]. The basic observation used here is that the 
t-channel photon in the e 7 mode can approach the physical region t = 0, so that the cross 
section is significantly enhanced compared to that in the e"*" e~ mode 0]. This makes the 
processes 67 — >• e h^, A^) potentially important channels for the study of Higgs bosons. 

In the next Section, we derive the amplitudes and cross sections for the various e'-f eh 
channels. This is followed by a detailed discussion of the MSSM and SM Higgs-boson 
production cross sections using a selection of values for the model parameters. The MSSM 
Higgs-boson couplings are contained in the Appendix. 

II. AMPLITUDES AND CROSS SECTIONS FOR SCALAR HIGGS 

PRODUCTION 

In the lowest nontrivial order, the process e~7 e~h proceeds through t-channel 
'y*{Z*)'yh triangle diagrams, box diagrams and associated s-channel e~^e~h triangle dia- 
grams. Using the notation of Ref. h denotes any of the neutral scalar Higgs bosons, h'^ 
denotes the lighter one and the heavier one in MSSM, and the SM Higgs boson is denoted 
by 0°. As shown in Ref. [^, the dominant contribution comes from t-channel 7*7/1 triangles 
and the other diagrams can be safely ignored. We work in the same approximation. In ad- 
dition to ordinary fermions and charginos xf = 1; 2) which are the only particles present 
in the 7*7^4° triangle, the particles in the 7*7/1 triangle can also be (and associated 
pseudo-Goldstone bosons and Faddeev- Popov ghosts rj^), charged Higgs bosons H^, 
and sfermions /. In the conventional approach, the contribution to the 7*7/1 triangle 
is not gauge invariant, and gauge invariance is recovered only when all contributions 
are summed. Thus, to make the t-channel 7* dominance self-consistent, it is necessary that 
a gauge invariant method be used to compute the contribution. For this purpose we 
can use the background field method or nonlinear gauges 0. These methods have the 
additional advantage of reducing the number of Feynman diagrams. 

The amplitude for the process e~(p)7(e(A;i), ki) — > e^{p')h{q) can be written as 
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and a summation over flavors of the fermions /, the sfermions /, and the two charginos 
xf{i = 1,2) is imphed. Here, /c2 is the momentum of the t-channel virtual photon with 
k2 = p — p' = q — ki and k2 = t < 0. Nj and Qf ( A^^ and Qj ) are, respectively, the 

number of colors and the electric charge of fermion / ( sfermion / ), and the A(/)'s are 
reduced couplings of loop particles / to h, which are derived from Ref. [jl| and given in the 
Appendix. 

By using the background field method for the loop, all loop integrals are combi- 
nations of two scalar functions C(/) and C'{f), which depend only the particle type /. 
Specifically, C(/) and C'{f) are defined by 
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where in Eq. (5), the fci^ terms (including ki^kiy and /ci^/c2j/) do not contribute to the physical 
amplitude due to ki-e{ki) = and the k2^k2u term vanishes using currrent conservation. 
For kf = 0, the function C{f) reduces to an elementary function while C'{f) can be 
expressed in terms of C{f) and the difference of two-point functions as 
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where q^ = {ki + k2y = ml, t = k^. The scalar functions F{t) and G{t) are 
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The spin- averaged differential cross section is 
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with s = {ki+pY = 2kYp. Due to the logarithmic singularity ln(— t) in the forward direction, 
an angular cutoff is imposed on the scattered electron 9 > 9min, which is equivalent to the 
constraint t < tmax = —vi^ ~ ^V)^ with rj = sin^(6'min/2). To obtain the experimentally 
measured quantity, we take the convolution of the above cross section with the photon 
distribution function F^/e{x), 
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where, for backscattered laser photons 
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III. DISCUSSION 



Before discussing numerical results let us give a brief description of input parameters. 



The SM parameters are taken from Ref. |jTO|, a = 1/128, m\y = 80.33 GeV, niz = 91.187 
GeV, cos9\Y = m]y/mz- In the fermionic contribution, only t, b and r are included using 
the masses rrit = 176 GeV, = 4.5 GeV, and m,- = 1.777 GeV. In MSSM, the Higgs 
sector contains four masses {mHO, friho, rriAo, mH±) and two angles {a, (3), but only two 
of these are independent. As usual, we take f3 and one of the neutral Higgs masses as 
free parameters. Special care must be taken when f3 and rriho are taken free, since the 
tree level relations between masses and angles require that tan^/? > (1 + y^)/(l — ^/rh) 
or tan^/? < (1 — y^)/(l + with rh = m\o/m\. In the chargino sector, the mixing 

pattern is determined by (3 and two new parameters M, /x. For the sake of simplicity we 
assume that M and /i are real. Then the diagonalizing matrices U and V are real and 
orthogonal, and CP is conserved in the chargino couplings. The CP-violating form factor T2 
vanishes correspondingly due to A'(xf ) = 0. The sfermion sector is generally afflicted with 
many new parameters. Again for simplicity we assume Mg = = M^, = Mj> = Mg, 

where Q, u and d denote the left-handed squark doublet, the right-handed up- type and 
down-type squark singlet, and similarly for L, i) and e. Without taking into account the 
mixing between left-handed and right-handed sfermions, their masses are then expressed 
in terms of the above masses Mj and (3. Only the mixing between II and is included, 
which introduces another parameter At from the soft supersymmetry-breaking potential. To 
summarize, we have the following free parameters: /3, one of m//o /i0^^o, M, /x. At, ^Qud 
and Ml - -. 

The results based on Eq. (pH]) are plotted in Figs. 1-4 for MSSM Higgs bosons and in 
Fig. 5 for the SM Higgs boson. The angular cutoff is chosen to be r/ = 10~^ except for Fig. 3 
in which rj = 10~^. 

In Fig. 1, we show the production cross sections for the light Higgs boson as a function 
of its mass m/jo and the center of mass energy ^/s. Different choices of Mj, M, fi and At 
have only a marginal effect on the rates. This is because the dominant contribution comes 
from the standard and fermion loops. These are much larger than contributions from 
charginos and especially sfermions. The value of tan j3 affects production rates significantly 
for a relatively light with m/jO < 75 GeV. As 171^0 approaches its tree level upper limit 
mz, the rates become insensitive to tan/? since in this limit the reduced coupling of to 
is very close to unity for all sufflciently large tan p. The production cross sections are 
relatively flat as ^/s varies from 200 GeV to 1000 GeV, something also seen in the other 
flgures. This behaviour is very different from that of associated photon-Higgs production in 
the e~^e~ mode and can be attributed to a balance between two opposite effects. On 

the one hand, the t— channel photon carries a momentum of the scale ^/s thus tending to 
suppress rates at high energies. On the other, the scattered electrons are more concentrated 
around the forward cone at higher energies so that the rates are enhanced by an almost 
on-shell t— channel photon. This may be verifled by choosing a larger value of 77 which is 
equivalent to subtracting out a larger cone around the forward direction. For example, using 
the same input parameters as the solid curve in Fig. 1(c) except that 77 = 10~^, the cross 
section decreases by about a factor of eight between y/s = 200 GeV and y/s = 1000 GeV. 
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The production cross sections for the heavy Higgs boson are shown in Fig. 2 as a 
function of its mass rriHO and ^/s. In this case, different choices of M^, M, fi and At 
have a significant impact on rates especially for ttiho > 250 GeV. This can be understood 
by noting that, compared with the case of h^, the dominant contribution from and 
fermions is relatively suppressed and the other contributions, which are sensitive to these 
parameters, become equally important. As rrifjo moves down to 100 GeV, the four curves 
tend to approach one another. Besides the flatness in y/s discussed above, this is also due 
to the fact that the reduced coupling XiW"^) happens to be almost the same for tan/? = 2 
and 20 when rriHO = 100 GeV. 

Contributions from different particles are displayed in Figs. 3 (a) and (c) for the produc- 
tion of h^, and in (b) and (d) for We find that contributions from and / loops 
are always very small and can thus be safely ignored. Consider first Figs. 3 (a) and (c). As 
mentioned above, the dominant contribution to production arises from and fermion 
loops. While the xf contribution is clearly distingushable, it is several times smaller than 
those from the W^s and fermions. The two contributions interfere destructively for ruho < 85 
GeV, reminiscent of the cancellation between and ordinary fermion loops. For our choice 
of input parameters, the reduced coupling \{xf) vanishes around m/jO = 85 GeV. Then, as 
m/jO continues to increase, the sign of \{xf) is reversed so that the two contributions inter- 
fere constructively. In Fig. 3 (b) and (d) the SM and chargino contributions are of the same 
order of magnitude. For large enough m/^o, xf can even dominate over and fermions 
(though at that point the total cross section is lower by one or two orders of magnitude), 
since the once dominant role played by is diminished by its very small coupling X{W^). 
We also see that the two contributions always interfere constructively. This originates from 
the fact that the sign of X{W'^) is flipped as compared to the case of while X{xf) remains 
positive. Fig. 3 also shows the effects of different t]. (Figs. 3 (a) and (c) vs. Figs. 1 (a) and 
(c). Figs. 3 (b) and (d) vs. Figs. 2 (a) and (c).) We verified the result of Ref. 0] that the 
rate scales approximately as the logarithm of rj, for sufficiently small values of rj. 

Fig. 4 serves as a comparison with the result of Ref. 0] in which the production of 
was calculated. The solid and dashed (dotted and dotdashed) curves are computed using 
the same input parameters as in Figs. 1 (b) ((c)) in that reference. We see that the cross 
section for is slightly larger than that for A^ throughout most of the range of m^o. 

As a by-product, we show the production cross section for the SM Higgs boson 0° |Tl|JT^ 



in Fig. 5. The cross section for 50 GeV < m^o < 100 GeV is comparable to that of the 
MSSM in the same mass range and large tan (3 |]TB . 



In Figs. (1), (2) and (5), the short dashed lines represent the cross section for the direct 
production of a bb pair with invariant mass rrih in ej collisions. To minimize this background, 
we impose an angular cut on the b and b relative to the incident photon in the ej center of 
mass. For a cut of | cos^^ < .98 | on both the b and the b, the background is reduced by a 
factor of about 10 with the signal being essentially unchanged. For the MSSM light Higgs, 
ho, the background is reasonable, and at ^/s = 500 GeV and m/jO = 80 GeV, the signal 
to square root of background ratio S/ ^/B is 4.5 for 50 fb~^ of luminosity. The situation is 
less good for the MSSM heavy Higgs, where for ^/s = 500 GeV and m^^o = 160 GeV, 
S/^/B = 1.8. In the case of the SM Higgs, (pQ, the bb background is not significant when 
m^(, > 75 GeV. 
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We have studied the production of neutral scalar Higgs bosons in the MSSM and the SM 
at future electron colliders operating in the 67 mode. Although the results are potentially 
complicated by many free parameters associated with supersymmetric particles, we find that 
the dominant contribution comes only from charginos, which is an automatic result in the 
case of production due to its off-diagonal couplings to bosonic particles 0. Furthermore, 
the chargino contribution is generally significant and can be comparable to or even dominate 
over the ordinary contributions in the case of production. This may help to identify a 
particular type of new particle once there are experimental hints for its existence in virtual 
loops. Finally, we comment that the cross sections computed here and in Ref. are 
generally one or two orders of magnitude larger than the related associated production of 
photons and Higgs bosons in e~^e~ collisions This implies that the 67 channel may 
provide an important window in the search for Higgs bosons. 
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APPENDIX A: REDUCED COUPLINGS A AND A' 



The following reduced couplings of the neutral scalar Higgs bosons and in MSSM 
are obtained from the list of Feynman rules in Ref. ||1|. The couplings for the SM Higgs 
boson dr are recovered special case, \{W^) = A(/) = 1 with the others zero. 

For the lighter Higgs boson we have 

X{W^) = sin(/?-a), 
\{u) = cos a/ sin P , 



X{d) = — sin a/ COS/9 = A(/) , 

A(if±) = sm{(3-a) + ^cos2(3sm{(3 + a)/cos^ew, 

Kxf) = ^[-{Qii + Qti)sma + {Su + St,) cos a], 

^'(xt) = ^[{Qii - Qti) sin a - {Sii - cos a], 

X{ur) = tan^ sin(a -|- /5) — cos a/m^ sin/3 , 

^{ul) = (| — Q« sin^ 6^1^) sin(a + /?)/ cos^ 6^14/ — cos a/m^ sin/? , 

^(ydR) = Qdtan^ 6*14/ sin(a; + /?)+ sin a/m^ cos /5 , 

\{dL) = {—^ — QdSm'^9\Y)sin{a + P)/cos'^9\Y + m'^sma/m'^cosp. 



(Al) 
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while for the heavier Higgs, H^, 

X{W^) = cos(/5-a), 

\{u) = sin a/ sin P , 

X{d) = cos a / cos P = X{1) , 

X{H^) = cos{(3-a)-cos2/3cos{(3 + a)/2cos^ew, 

Hxf) = lliQ a + Qii) cos a + {Sii + S*i) sin a], 

A'(xf ) = - Qt^) cosa + {Su - sin«] , ^^^> 

A(m_r) = — tan^ 6*14/ cos(a + /3) — sin a/m^ sin /3 , 

A('Ul) = (— I + Q« sin^ 6^;^) cos(q; + cos^ 6^^^ — sina/m^ sin/3 , 

^{du) = — Qdtan^ 9w cos{a + P) — m'^cos a /mly cos P , 

A(c/l) = + Qdsin^ 9\y) cos{a + P)/ cos"^ 9]v — m'^cosa/'mly cos P . 



X{Ir) and X{Il) are obtained from X{dR) and X^di) with Qd and replaced respectively 
by Qi and m/. The 2x2 matrices Qij and are defined in terms of unitary matrices U 
and V that diagonalize the chargino mass matrix, 

Qij = -j=ViiUj2, Sij = -j=Vi2Uji. (A3) 



For details on U and V, see Ref. 0. The mixing between fji and is ignored except for 
the top squark. The Feynman rules for the mass eigenstates ti and t2 can be expressed in 
terms of the mixing angle (pt and the Feynman rules for tpt and t^. For all details on this, 
we refer the reader to Refs. 
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FIGURES 
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^/s (GeV) ^/a (GeV) 

FIG. 1. The cross section for the production of the light Higgs boson hP is shown as a function 

of its mass nif^o and the center of mass energy -y/i. For panels (a) and (c), = 200 GeV, 

M-- J = 500 GeV, and M = fi = At = 200 GeV. In panel (a), the solid line corresponds to 
500 GeV, tan/3 = 15, the dotted to = 500 GeV, tan/3 = 30, the dashed to ^/s = 1000 
GeV, tan/3 = 15 and the dotdashed to s/s = 1000 GeV, tan/3 = 30. In panel (c), the solid line 
corresponds to ruf^o = 45 GeV, tan/3 = 15, the dotted to m^o = 45 GeV, tan/3 = 30, the dashed 
to nii^o = 90 GeV, tan /3 = 15 and the dotdashed to nii^o = 90 GeV, tan f3 = 30. For panels (b) 
and (d), M^- - = 500 GeV, M- - j = 500 GeV, and M = /j, = At = 500 GeV. The short dashed lines 
denote the bb background. 
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FIG. 2. The cross section for the production for the heavy Higgs boson is shown as a 
function of its mass mjjo and the center of mass energy ^/s. For panels (a) and (c), - = 200 
GeV, M- - J = 500 GeV and M = = = 200 GeV. In panel (a), the sohd line corresponds to 

= 500 GeV, tan/3 = 2, the dotted to ^/s = 500 GeV, tan/3 = 20, the dashed to ^/s = 1000 
GeV, tan/3 = 2 and the dotdashed to s/s = 1000 GeV, tan/3 = 20. In panel (c), the solid line 
corresponds to niHa = 200 GeV, tan/3 = 2, the dotted to m^/o = 200 GeV, tan/3 = 20, the dashed 
to mjjo = 400 GeV, tan/3 = 2 and the dotdashed to mjjo = 400 GeV, tan/3 = 20. For panels (b) 
and (d), - = 500 GeV, M- - j = 500 GeV, and M = /j, = At = 500 GeV. The short dashed lines 
denote the bb background. 
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FIG. 3. The cross sections for the production of /i*^ ((a) and (c)) and ((c) and (d)) are 
shown as functions of their masses and s/s. For all panels, the parameters are M|-- = 200 GeV, 
M- - J = 500 GeV and M = \x = At = 200 GeV, r? = lO""^. In panel (a), ^ = 500 GeV, tan /3 = 15; 
in (c) m^o = 45 GeV, tan/3 = 15; in (b), y/s = 500 GeV, tan/3 = 20; and in (d), mji^o = 200 
GeV, tan/3 = 20. The solid curves are the contributions from and fermion loops, while dashed 
curves include contributions from The and scalar loops can be ignored. 
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FIG. 4. The cross section for the production of (solid and dotted curves) and (dashed 
and dotdashed curves) arc sliown as functions of the mass m^o of the pseudoscalar Higgs boson 
and Js. For both panels, Mr - = 200 GeV, M-- = 500 GeV and At = 200 GeV. The sohd and 
dashed curves have M = /x = 177 GeV, tan/3 = 5, while the dotted and dotdashed curves have 
M = /X = 182 GeV, tan/3 = 20. In panel (a), = 500 GeV, and in (b), m^o = 200 GeV. 
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FIG. 5. The cross section for the production of the Standard Model Higgs boson 00 is shown 

as a function of its mass m^o and y^. In panel (a), the solid line is \/s = 500 GeV and the dashed 
is = 1000 GcV. In panel (b), the solid hne is m^^p = 200 GeV and the dashed is m^o = 400 
GeV. The short dashed line denotes the hb background. 
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